AdditIonal Keyphrase: enzyme activity, optimum conditions for assay
The importance and value of creatine kinase (ATP: creatine N-phosphotransferase; EC 2.7.3.2) to diagnostic enzymology is firmly established. There are several published and commercially described methods for using the hexokinase/glucose-6-phosphate dehydrogenase (EC 2.7.1.1/1.1. 1.49) coupled reaction that are presumed to be optimized for the measurement of creatine kinase in serum (Table 1) . A review of these methods reveals a number of discrepancies that need clarification: pH optimum, buffer, activation, adenylate kinase (EC 2.7.4.3) inhibition, and interrelationship of components.
Materials and Methods
Three types of specimens were used: heat-inactivated pooled human serum made to contain appropriate quantities of creatine kinase isoenzymes MM, MB, and BB' from fractions obtained as previously described (9); pooled human serum made to contain freshly released MM and MB by homogenizing small quantities of human heart tissue in the serum and then filtering; and routine clinical specimens.
All substrates and indicator enzymes (from baker's yeast and Leuconostoc
mesenteroides)
were obtained from Sigma Chemical Co., St. Louis, Mo. 63178, or PL Biochemicals Inc., Milwaukee, Wis. 53205, or both; all buffers from Sigma, Calbiochem (La Jolla, Calif. 92037), Aldrich (Milwaukee, Wis. 53233), or Tridom (New York, N. Y. 11787); and all thiols from Sigma, Aldrich, Tndom, or Evans Chemetics, Inc., Darien, Conn. 06820. All thiols were of the highest purity available from each supplier and, unless otherwise indicated, were equivalent chemically in the results they gave.
All measurements were on an automated discrete analyzer (ABA-100; Abbott Diagnostic Division, South Pasadena, Calif. 91036) at 30 and 37 #{176}C, the final reagent composition being that shown in Table 1 mercaptopropionate. All were examined between 5 and 30 mmol/liter to determine the optimum concentration for each. Figure 1 shows the pH optima for creatine kinase (80% MM, 20% MB) in human serum at 37 #{176}C with several biological buffers that have an appropriate pK. Bis-Ti-is is clearly superior, followed by PIPES, MOPS, and BES, which are equivalent, then MES, Bis-Tris Propane, ACES, then imidazole, and, finally, ADA. The pH optimum is clearly at 6.45, with the exceptions of imidazole at 6.55 and ADA at 6.60. With isoenzyme MM only, the optimum shifts to 6.55; with MB only, to 6.35; and with BB only, to 6.30. At 30#{176}C the optimum did not change detectably for the four superior buffers, a shift of less than 0.05 pH units being almost undetectable. For MES and ADA there was an upward shift of about 0.1 and for Bis-Tnis Propane, ACES, and imidazole a shift of about 0.15. Figure 2 shows the effect of increasing ionic strength and the inter-relationship of this effect with Mg2 and ADP concentrations.
Results

Buffer
Several buffers (Bis-Tnis, PIPES, MOPS, BES, MES) show only slightly decreased activity with increasing buffer strength, while others (ADA, Bis-Tnis Propane, ACES, imidazole) show a more pronounced effect. This is affected directly by ADP concentration and inversely by Mg2+ concentration. Figure 3 compares several thiols for their effectiveness in reactivating creatine kinase in a serum-initiated assay; results for creatine phosphate-initiated assay were essentially the same. Mercaptoethanol, thioglycerol, dithiothreitol, and dithioerythritol are clearly superior, followed by aminoethylisothiouronium bromide, thioglucose, N-acetyl cysteine, and polyethyleneglycol dimercaptoacetate. Creatine Kinase Substrates Figure 6 shows the effect of increasing creatine phosphate, ADP, and magnesium acetate concentrations. The interrelation of Mg2, ADP, and buffer concentrations is also shown. There is no apparent interdependence of these variables with creatine phosphate at the concentrations used.
Thiol Activation
Indicator System Figure 7 shows the effects of increasing concentrations of constituents of the indicator system. Glucose-6-phosphate dehydrogenase is a limiting factor; if too much is present endogeneous activity (blank) will be increased, which in turn limits the hexokinase, since a hexokinase/glucose-6-phosphate dehydrogenase activity ratio greater than 1.6 appears to result in less analytical recovery. Glucose concentrations exceeding 3 mmol/liter are not critical, regardless of other adjustments made. At the concentrations recommended here, and with the instrumentation used, the indicator system is linear to a maximum of 1800 U/liter. NAD is limiting, and the use of less NAD, like the use of less glucose-6-phosphate dehydrogenase, results in a narrower range of linearity. Enzyme preparations containing ammonium sulfate should be avoided.
Anion Inhibition
A Dixon plot of anions (shown in part in Figure 2 ) indicated that they noncompetitively inhibited for Mg ADP. Creatine phosphate, at the concentrations used (15-35 mmol/liter) had no effect. The relative inhibition of anions was
Figure 8 compares the proposed method with the methods of Szasz et al. (1) , the Dupont aca procedure (7), and the Abbott "A-Gent" reagent (8). The remarkably lower activities of the Abbott reagent can be accounted for by its low pH, its less than optimum AMP/ADP ratio, and the use of cysteine. The lower activities of the Szasz et al. (1) method as compared to the aca can be attributed to the use of N-acetyl cysteine, AMP, and imidazole instead of dithioerythritol, fluoride, and MOPS. The higher activities of the proposed method as compared to those measured with the aca can be attributed to the use of Bis-Tris at pH 6.45.
Discussion
Except for some commercial methods (7, 8), it does not appear that there has been any close examination of buffers for the measurement of CK. In fact, most of the buffers used in previous methods are relatively poor choices. Tris(hydroxymethyl)aminomethane (4, 11) and triethanolamine (5, 6) , with pK's of 8.3 and 8.0, respectively, have virtually no buffering capacity below pH 7.0. Imidazole, a much better choice because its pK is 7.0, was first recommended by Sax and Moore (12) and adopted by others (1-3) . Imidazole, however, is a reactive base that is difficult to maintain in relatively pure form; it decomposes readily, as evidenced by the pale-yellow to deep-brown discoloration characteristic of it.
Other buffers with suitable pK's are MOPS, pK 7.2; BES, pK 7.1; ACES, pK 6.9; PIPES, pK 6.8; Bis-Tris Propane, pK 6.8; ADA, pK 6.6; Bis-Tris, pK 6.5; and MES, pK 6.2.
Four of these buffers (ADA, Bis-Tris Propane, ACES, and imidazole) exhibit a comparatively strong inhibiting effect in higher concentrations and can be discounted. Of the others Bis-Tris displays the highest CK activity and its pK (6.4 at 37#{176}C) is closest to the determined nonhygroscopic, has negligible metal-binding capacity, and has a relatively slight shift in dissociation constant with temperature (pK = 0.002/#{176}C). It is not a zwitterionic buffer, but this is of no consequence.
I found the pH optimum to be near 6.5, as did Warren (3) . However, if temperature is considered, this is consistent with Szasz et al. (1) but not with Warren (3) , a pH of 6.5 at 25 #{176}C being equivalent to pH 6.3 at 37 C. This low optimum may be related to the relatively high concentrations of Mg2+ and ADP used by Warren, as suggested by the interdependence of Mg2, ADP, and buffer that I observed. The MB and BB isoenzymes ______________________________________ have a more acidic optimum, but this is slight and a pH of 6.45 is a good compromise. These optima differ from those I reported previously (9), differences that may be attributed to thiol activation, which appears to shift the optima to more acidic pH. It seems more probable, however, that pH optima obtained without thiol activation reflect faster inactivation under acidic conditions. This would be consistent with observations by Keutel et al. (14) . The use of pH 6.8 or greater by some (1) . N-Acetyl cysteine is relatively inexpensive and odorless, but as indicated in this report and also by Stolle and Rick (2) [4] [5] [6] 11) can be attributed to the limitations of the buffer rather than the 0K optimum. The aca group's (7) determination of pH 6.7 apparently reflects a pH measurement made at 20 00, since their reagent pH at 37 #{176}C is actually 6.6. Adjustment of this reagent to 6.45 with acetic acid increases CK activity by about 3%. The use of pH 6.2 by the ABA group (8) can probably be accounted for from their use of cysteine, which is more stable in more acidic solutions. This probably also accounts for the optimum of pH 5.8 reported by Hess et al. (6), who also used cysteine.
Several thiols have been recommended for the reactivation of CK during analysis. Cysteine was first suggested by Rosalki (11), and, although it is relatively unstable, it is still widely used. Mercaptoethanol was recommended by Sax and Moore (12), but, although it is one of the best thiols for 0K reactivation, it has gained little acceptance, because of its obnoxious odor. Glutathione was recommended by the German Society of Clinical Chemistry (5) , and, although it subjects the assay to interference from glutathione reductase, it also is still widely used. Warren (3) recommended dithiothreitol and dithioerythritoL Although both of these are excellent reactivators of OK, they are costly and may subject the assay to potentially serious false increases in apparent activity due to microprecipitation of albu- From studies summarized in Figures 3 and 4 , I recommend the use of thioglycerol both for reactivation in assay and for use in serum storage. In addition to its demonstrated efficiency in reactivating CK, thioglycerol has very low volatility, making its relatively mild odor easy to control; it is inexpensive, stable, and is available commercially in high purity. Its liquid state is convenient for dispensing it in concentrated form into sera for storage. Its only disadvantage is that it would undoubtedly not lyophilize, 80 that it probably could not be used in a single lyophilized reagent, unless thioglycerol was a constituent of the reconstituting solution. It could also not be used to preserve the activity of lyophilized controls. $-Thioglucose may be an acceptable substitute for these limited applications;
it is neither a substrate nor an inhibitor of the indicator system.
In most methods for OK measurement, AMP is used to inhibit adenylate kinase activity. Unfortunately, AMP also effectively inhibits OK. Considerable effort has been made to evaluate the relative inhibitions and arrive at an optimal AMP/ADP ratio (10). The expensive diadenosine pentaphosphate has also been suggested as an inhibitor. Although it does not inhibit 0K, it must be used with AMP, which makes its advantage questionable (10). Fluoride is another effective inhibitor that has been in commercial use with the du Pont aca system (7) for several years. Rosano et al. (16) recently examined fluoride for adenylate kinase inhibition and found it to be effective, with little or no action against OK. My observations confirm this and clearly indicate that fluoride is superior to AMP as an adenylate kinase inhibitor for OK assay in that it is broadly active against adenylate kinase and relatively ineffective against creatine kinase. Its only disadvantage is that refrigerated solutions of reagent precipitate magnesium fluoride after several hours, so that it is best to add the fluoride to the otherwise complete reagent within a few hours of use and at ambient temperature.
I now am investigating whether Mn2 can be substituted for Mg2, To eliminate instrument variation, the reagent for the Du Pont aca method (7) was used with the ABA-100
or whether fluoride can validly be added directly to serum. It is apparent that increasing buffer concentration or other increase of anion concentration results in inhibition that can be reversed or decreased by increasing the
Mg2+
concentration.
Increasing the ADP concentration, however, increases the inhibition, unless the Mg2+ concentration is also increased. This suggests an equilibrium:
enzyme:Mg ADPMg ADP anion: Mg ADP. Increasing the Mg2 concentration would result in competition for the anion and displace the Mg ADP, making it available to the enzyme, increasing the activity. Increasing the ADP would tie up Mg2, shifting the equilibrium towards anion Mg:ADP. Oreatine phosphate does not influence this equilibrium. This and the inverse effect of ADP concentration suggest that the active site is not directly involved and that the inhibition, although competitive for the cofactor, is not competitive with the enzyme in the usual sense. The study of anion inhibition clearly indicates that acetate is the preferred anion to use and that others, particularly iodide, sulfate, and nitrate, should be avoided. Inhibition by sulfonate probably accounts for the lower activities obtained with the sulfonic acid buffers.
Limitations on linearity can be attributed to the quantities of glucose-6-phosphate dehydrogenase, ADP, and NAD that can be used without producing unacceptable increases in blank absorbances. Although there is no real need, linearity could be extended if cleaner materials were available. With use of more flexible instrumentation, the range of linearity can be extended. Materials resulting in blank absorbance greater than 0.20 at 340 nm should be considered unacceptable.
I have not examined the effects of temperature beyond what I have already reported (17), where I indicated that the MB isoenzyme becomes quite unstable at 38 00, Nealon and Henderson (18) have reported that, based on Arrhenius plots, OK undergoes a change of state at 30#{176}C, and they recommend 37#{176}C. The work reported here was done at 30 and 37 #{176}C, and I did not observe any discrepancy that would suggest either unacceptable deterioration or a change of state. I did not examine 25 #{176}C because activities are much less at this temperature, particularly if low activities of MB isoenzyme are to be measured, and it is a difficult temperature to maintain in warm climates. I expect that 35 00 would be a good compromise, but this is not a standard temperature for enzyme measurement and it is not likely to become one. Clearly, additional study is required, but, for the present, 37 #{176}O appears to be a better choice, however marginal.
